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Adducts of catechols and histidine, which are pro-
uced by reactions of 1,2-quinones and p-quinone me-
hides with histidyl residues in proteins incorporated
nto the insect exoskeleton, were characterized using
lectrospray ionization mass spectrometry (ESMS), tan-
em electrospray mass spectrometry (ESMS–MS, colli-
ion-induced dissociation), and ion trap mass spectrom-
try (ITMS). Compounds examined included adducts
btained from acid hydrolysates of Manduca sexta (to-
acco hornworm) pupal cuticle exuviae and products
btained from model reactions under defined condi-
ions. The ESMS and ITMS spectra of 6-(N-3*)-histidyldo-
amine [6-(N-3*)-His-DA, p isomer] isolated from M. sexta
uticle were dominated by a [M 1 H]1 ion at m/z 308,
ather than the expected m/z 307. High-resolution fast
tom bombardment MS yielded an empirical formula of
14H18N3O5, which was consistent with this compound
eing 6-(N-1*)-histidyl-2-(3,4-dihydroxyphenyl)ethanol
6-(N-1*)-His–DOPET] instead of a DA adduct. Similar
esults were obtained when histidyl–catechol com-
ounds linked at C-7 of the catechol were examined; the
N-1*) isomer was confirmed as a DA adduct, and the
N-3*) isomer identified as an (N-1*)-DOPET derivative.
irect MS analysis of unfractionated cuticle hydrolysate

evealed intense parent and product ions characteristic
f 6- and 7-linked adducts of histidine and DOPET. Mass
pectrometric analysis of model adducts synthesized by
lectrochemical oxidative coupling of N-acetyldopamine
NADA) quinone and N-acetylhistidine (NAcH) identi-
ed the point of attachment in the two isomers. A prom-

nent product ion corresponding to loss of CO2 from [M 1
]1 of 2-NAcH–NADA confirmed this as being the (N-3*)

1
 Current address: CombiChem, Inc., 9050 Camino Santa Fe, San
iego, CA 92121.
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somer. Loss of (H2O 1 CO) from 6-NAcH–NADA sug-
ested that this adduct was the (N-1*) isomer. The results
upport the hypothesis that insect cuticle sclerotization
nvolves the formation of C–N cross-links between histi-
ine residues in cuticular proteins, and both ring and
ide-chain carbons of three catechols: NADA, N-b-
lanyldopamine, and DOPET. © 1999 Academic Press

Key Words: catecholamine; catechol; o-quinone; his-
idine; histidyl conjugate; 3,4-dihydroxyphenyletha-
ol; oxidation; nucleophilic addition; N-acetyldopam-

ne; dopamine; mass spectrometry; insect cuticle;
anduca sexta; tobacco hornworm.

Posttranslational modification of peptides and pro-
eins occurs in all eukaryotic systems (1, 2), and the
oles of moieties covalently attached to these molecules
ncluding phosphate (3–5), isoprenoids and fatty acids
6, 7), and monomeric and polymeric sugars (8, 9) in
egulating biological and biochemical activities have
een investigated. Mass spectrometric techniques such
s electrospray (ESMS),2 ion trap (ITMS), and matrix-
ssisted laser desorption–time-of-flight (MALDI–TOF)
re becoming routine in analyzing these modifications,
lthough detailed structural characterization remains
ifficult when dealing with unknown complex samples.

2 Abbreviations used: ESMS, electrospray mass spectrometry; ITMS,
on trap MS; MALDI–TOF, matrix-assisted laser desorption–time-of-
ight; DOPET, 3,4-dihydroxyphenylethanol; HMQC, heteronuclear
ultiple quantum coherence correlation; TOCSY, total correlation spec-

rometry; CID, collision-induced dissociation; RCE, relative collision
nergy; FAB, fast atom bombardment; DMSO, dimethyl sulfoxide; 6-(N-

9)-His-DA, 6-(N-19)-histidyldopamine; NADA, N-acetyldopamine;
AcH, N-acetylhistidine.
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230 KERWIN ET AL.
A more difficult analytical problem is encountered
hen dealing with biological polymers consisting of

hree or more different compound classes cross-linked
o form complex, relatively insoluble molecules. One
xample of this is the exoskeleton (cuticle) of insects,
hich consists in part of a structurally ill-defined poly-
eric matrix of diphenols that are bonded to other

henols, proteins, and polysaccharides (10–12). Struc-
ural elucidation of these polymers is difficult, even
hen using model systems employing defined mono-
ers reacted under controlled conditions (13–15). Clas-

ical chemical methods such as HPLC coupled with
lectrochemical or UV detection, and spectroscopic
ethods including solid-state 13C and 15N nuclear mag-
etic resonance (16–19), have yielded detailed struc-
ural information. These techniques, however, require
illigram quantities of material, are not suitable for

nalyzing mixtures of natural products, and are unable
o specify the sites of attachment between some com-
onents, e.g., a bond between a catecholic compound
nd histidine.
A recent study showed that ESMS and ITMS can be

sed to distinguish (N-19) [denoted as N-t] and (N-39)
denoted as N-p] methyl-substituted histidines (20).
his study presents new data obtained by ESMS–MS
nd ITMS–MS, which confirms the structures of four
reviously characterized catechol adducts from pupal
uticle exuviae of the tobacco hornworm, Manduca
exta (21, 22), and corrects the structures of the other
wo, which are adducts of 3,4-dihydroxyphenylethanol
DOPET) instead of DA.

ATERIALS AND METHODS

Isolation of cuticle adducts. Washed and air-dried
upal exuviae of M. sexta were ground in dry ice and
yophilized. The powder (0.25 g) was heated for 24 h at
10°C in 5 mL of 6 M HCl containing 5% phenol in
acuo in a 20-mL hydrolysis tube (22). Catechols were
emoved selectively from the hydrolysates by alumina
dsorption using modifications of protocols described
y Hopkins et al. (23).
HPLC. A binary mobile phase was used (22): sol-

ent A—0.15 M formic acid and 0.03 M ammonium
ormate (pH 3.0); solvent B—MeOH and aqueous 0.3 M
ormic acid 1 0.06 M ammonium formate (1/1, v/v).
pherisorb 5 ODS-2 (250 3 21.2 mm) and Prodigy
DS-2-PREP (10 mm, 250 3 10 mm) columns were
sed (Phenomenex, Torrance, CA). Catechols and their
dducts were separated using the Spherisorb column,
hich resolved two compounds and a third fraction
ith two major and several minor components. The

atter fraction was lyophilized, and components were
eparated using the Prodigy column. Four components
ere identified as previously described (22).
Model reactions. Large-scale synthesis of adducts
f NADA quinones with N-acetylhistidine (NAcH) used v
flowthrough coulometric cell (24). Reaction products
ere characterized as 6-[N-(N-acetylhistidyl)]-N-acetyl-
opamine and 2-[N-(N-acetylhistidyl)]-N-acetyldopam-
ne by MALDI–TOF MS, 1D 1H and 13C NMR, 2D

13C–1H heteronuclear multiple quantum coherence cor-
elation (HMQC), and 1H–1H total correlation spectros-
opy (TOCSY) NMR (12). 6-N-Histidyl–DOPET was
ynthesized and purified by the method of Xu et al.
21), except that DOPET was used instead of NADA in
he reaction mixture.

Mass spectrometry. The ESMS and ESMS–MS spec-
ra were obtained using a tandem quadrupole Sciex
PI III instrument (PE/SCIEX Thornhill, Ontario,
anada). Samples were infused into the electrospray
ource via a 50-mm i.d. fused silica transfer line using
Harvard Apparatus pump at 0.4–2 mL/min. The in-

erface was modified as described by Wang et al. (25),
hich allowed acquisition of high-quality spectra at

educed flow rates. Approximately 10–50 pmol of sam-
le were used to obtain individual spectra. Positive ion
SMS and ESMS–MS spectra were acquired using
rifice voltages from 25 to 110 V. The interface temper-
ture was maintained at 52°C. For tandem mass spec-
rometry (MS–MS), precursor ions were selected with
he first quadrupole (Q1) for collision-induced dissoci-
tion (CID) with argon in the second quadrupole (Q2).
he third quadrupole (Q3) was scanned with a mass
tep of 0.10–0.20 m and 1 ms/step. Parameters were
ufficient to usually obtain a valley of 1 to 18% between
eaks 1 m apart.
Spectra were obtained with a quadrupole ion trap
ass spectrometer (LCQ, Finnigan MAT, San Jose,
A) using the same infusion solvents used for the
SMS experiments. The LCQ was operated manually

n the Tune Plus window with nanospray infusion of
amples using a novel electrospray interface design
26). The heated desolvation capillary was held at
00°C, with the electron multiplier set to 1.0 kV. The
elative collision energy (RCE) was adjusted to obtain
iagnostic fragment ion peaks. The RCE varies on this
nstrument from 0 to 100% for mass analyzer CID,
orresponding to 0 to 5 V peak-to-peak resonance exci-
ation RF voltage.

High-resolution FAB mass spectra were obtained
ith a 6 keV Xe beam and a DMSO–thioglycerol (1/1)
lus 1% trifluoroacetic acid matrix on a JEOL HX-110
ector instrument, at a resolution of ca. 7500, with a
0% valley. Approximately 10–20 nmol of sample was
sed to obtain individual spectra. Polyethylene glycol
ith mass distribution peaking at m/z 300 (PEG 300)
as used as an internal calibration standard.

ESULTS

istidine and N-Acetylhistidine

The synthetic compounds and natural products in-

estigated in this study were adducts of histidine;
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231MASS SPECTROMETRY OF CATECHOL ADDUCTS
herefore, the ESMS and ESMS–MS spectra of this
mino acid and its N-acetyl derivative (NAcHis) were
btained to facilitate interpretation of the fragmenta-
ion of the more complex compounds. Product ion for-
ation using [M 1 H]1 and ions formed by in-source

ragmentation as precursors for CID (spectra not
hown) were explained primarily by losses of CO2, H2O
27) and other side-chain components (Scheme 1, pro-
onation sites based on (28)). In-source fragmentation
fragmentation in the skimmer) refers to formation of
roduct ions at or near the point of introduction of the
ample into the mass spectrometer. The standard op-
rating conditions used during these investigations
romoted dissociation of the [M 1 H]1 ions in the
kimmer, allowing MS–MS analysis of these product
ons formed at the interface of the API III spectrome-
er.

-(N-19)-His-DA

We encountered minor complications in interpreting
S and MS–MS data in the ESMS and ITMS spectra

or some of the compounds because the His-DA deriv-
tives had been dissolved previously in deuterated sol-
ents for NMR analysis. Repeated dissolving and evap-
ration of the two 6-N-His-catechol compounds in
eOH or MeOH/H O, which should have removed all

SCHEME 1. Product ions of histidine and N-acetylh
2

xchangeable deuteriums, failed to eliminate all of the n
, some of which may have been incorporated co-
alently into the imidazole ring (29, 30). The MS spec-
ra for several of the preparations had peaks corre-
ponding to [M 1 H]1, [M 1 D]1, and [M 1 2D-H]1, and
he product ion spectra from ESMS–MS of all of these
recursors were consistent with the results summa-
ized in the following sections.
For the 6-(N-19)-histidyldopamine (6-(N-19)-His-DA)

ompound isolated from cuticle hydrolysates (see Fig. 1
or structure), a major product ion of the [M 1 H]1

recursor at m/z 307 was found at m/z 261, correspond-
ng to a loss of (CO 1 H2O) [Fig. 2]. This was similar to
he fragmentation pattern for the (N-19) isomer of
ethylhistidine (20). The loss of CO2 (m/z 263) from

his precursor was approximately 12% of the intensity
f the (MH 2 CH2O2)

1 peak (Fig. 2). These conclusions
ere confirmed by the ESMS–MS and ITMS–MS spec-

ra of m/z 308 (not shown), a monodeuterated analog,
n which m/z 262 was the major product ion. A series of
ID spectra obtained using the ion trap and ESMS–MS
pectra acquired using precursors formed in the source
f the API III mass spectrometer produced fragmenta-
ion patterns dominated by loss of CO, H2O, NH3, and
ombinations of these (Figs. 2, 3, and other spectra not
hown). Formation of radical cationic product ions, e.g.,
he quinone methide ion at m/z 122, a common phe-

dine from ESMS–MS spectra of [M 1 H]1 precursors.
omenon encountered during electron impact MS of
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232 KERWIN ET AL.
any compounds (19) but rarely documented for
SMS, was invoked to best explain the observed prod-
ct ions (Fig. 3).
The ITMS–MS spectrum of m/z 308 of the (N-19)

somer showed the expected mass shifts for a com-
ound that had retained deuterium in the imidazole
ing (spectrum not shown). Some migration of deute-
ium into the dopamine ring also occurred. The product
on corresponding to the dopamine ring moiety was
resent, as were the D0 (m/z 152) and D1 (m/z 153)
sotopomers in a 2:1 ratio. In contrast, the intensity of
he deuterated ion for the histidyl moiety was twice
hat of the intensity of the nondeuterated ion.

-(N-19)-His–DOPET and Unfractionated M. sexta
Cuticle Hydrolysate

The ESMS and ITMS spectra of a compound previ-
usly characterized as 6-(N-39)-His-DA (22) consis-
ently produced a prominent [M 1 H]1 peak at m/z 308
ather than one at the expected m/z 307. We suspected

IG. 1. Structures of histidine-DA, histidine–DOPET, and N-
cetylhistidine–NADA.
hat this compound might be a His–DOPET rather c
han a His-DA adduct. High-resolution FAB MS gave
n exact mass measurement of 308.1244 m.u., which
as in excellent agreement with the theoretical mass

or the His–DOPET adduct (C14H18N3O5) of 308.1245
.u. The ESMS–MS spectrum (not shown) of the m/z

08 precursor had a prominent product ion at m/z 262
loss of H2O 1 CO). This was identical to the
SMS–MS spectrum of [M 1 H]1 of synthetic 6-N-His–
OPET, which produced predominantly the m/z 262

on. N-His–DOPET ions probably fragment in a man-
er similar to the corresponding DA adducts, so the
ynthetic DOPET compound and the adduct isolated
rom M. sexta cuticle were (N-19) isomers (Scheme 2).

One of the advantages of ESMS and ITMS is the
bility to generate significant structural information
rom unfractionated or partly purified biological sam-
les. To attempt this for histidine–catechol adducts
rom insect cuticle, an acid hydrolysate from M. sexta
uticle was filtered, dried, resuspended in MeOH/H2O,
nd infused into the spectrometer without any inter-
ening chromatographic steps. ESMS revealed several
undred peaks between m/z 75 and 1200. The ion at
/z 308 was chosen for further analysis. Based on
revious work (22) and results presented here, at least
wo compounds were expected to contribute to this CID
pectrum, 6-N-His–DOPET and 7-N-His–DOPET (Fig.
). In addition to peaks observed in the ESMS–MS
pectrum of m/z 308 from 6-N-19-His–DOPET (m/z
62, 247, 235, 230 and 215), the spectrum from the
rude hydrolysate had intense product ions in the
ange from m/z 70 to 160 (Fig. 4), which were identical
o those generated from ESMS–MS of [M 1 H]1 of both
istidine and N-acetylhistidine and also characteristic
f 7-linked adducts as discussed in the next section.

-N-His-DA and 7-N-His–DOPET

Unlike the other compounds investigated, these two
dducts had histidyl residues attached to the side
hain (C-7) rather than the aromatic ring of the cate-
hol moiety. CID of these compounds produced no di-
gnostic product ions other than those previously iden-
ified for histidine and N-AcHis (Scheme 1) at m/z 156,
10, 95, 93, and 83 (Fig. 5, m/z 307 precursor, spectrum
dentical for 7-N-His–DOPET except for the precursor
on). This would be expected since a benzylic histidyl–
atechol bond would be much less stable than an N
ond to an aromatic ring. The compound tentatively
dentified as 7-(N-39)-His-DA (22) had an [M 1 H]1 ion
t m/z 308, consistent with it being a DOPET instead
f a DA adduct. Lack of product ions in the higher mass
ange of spectra, obtained even when a wide range of
ID gas densities and potential differences between

he source and detector was used, precluded assign-
ent of an (N-19) or (N-39) attachment site for the
atechol to the imidazole ring.
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233MASS SPECTROMETRY OF CATECHOL ADDUCTS
-(N-39)-NAcH–NADA

Spectra of 2-(N-39)-NAcH–NADA were consistent
ith the structure obtained using other spectroscopic

echniques (21). The CID spectra indicated that this

FIG. 2. ITMS–MS spectrum of 6-(N-1

IG. 3. ESMS–MS spectrum of m/z 122 product ion from 6-(N-19)-
c
is-DA. Product ions marked by an * also were selected as precur-

ors for CID analysis.
ompound was the (N-39) isomer, with prominent prod-
ct ion peaks at m/z 347 (loss of CO2) for the m/z 391
recursor (Fig. 6, Scheme 2) and at m/z 348 for the
monodeuterated) m/z 392 precursor (spectrum not
hown). Product ions corresponding to loss of (H2O 1
O) from [M 1 H]1 (m/z 346 and 345 for precursors at
92 and 391) were present, but these were ca. 63 less
ntense than the product ions formed from loss of CO2.
n addition to the many product ions in common with
hose from 6-(N-19)-NAcH–NADA, the ESMS–MS and
TMS spectra (not shown) of 2-(N-39)-NAcH–NADA
ad a product ion of moderate intensity at m/z 305
rom loss of (C2H2O 1 CO2), providing further support
hat this compound was the (N-39) isomer of 2-NAcH–
ADA.

-(N-19)-NAcH–NADA

The final model compound analyzed was 6-NAcH–
ADA. A prominent product ion at m/z 345 [loss of

H2O 1 CO)] from CID of the m/z 391 precursor in
SMS–MS and ITMS–MS spectra suggested that this
ompound was the (N-19) isomer (spectra not shown).
roduct ions at m/z 349 and 303 were due to the loss of
2H2O from one of the two N-linked acetyl groups and

oss of [C2H2O 1 (H2O 1 CO)], respectively. Formation
f less-intense product ions at m/z 373 (loss of H2O),
/z 327 (m/z 345 2 H2O), m/z 288 (loss of CO2 1
cNH2), and m/z 229 (m/z 288 2 AcNH2) was con-
rmed by ESMS–MS of precursors formed in the source.
The ITMS–MS spectra, in addition to product ions

bserved in ESMS–MS experiments, had product ions

is-DA: [M 1 H]1 (m/z 307) precursor.
orresponding to: 391 2 CO2 (minor peak, m/z 347),
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234 KERWIN ET AL.
91 2 AcNH2 (m/z 332), 391 2 [C2H2O 1 H2O] (m/z
31), m/z 347 2 H2O (m/z 329), m/z 345 2 H2O (m/z
27), 391 2 [H2O 1 AcNH2] (m/z 314), and m/z 345 2
cNH2 (m/z 286). The ITMS–MS spectra of the mono-
euterated analog m/z 392 precursor were consistent
ith these fragmentations (spectra not shown).

ISCUSSION

Catechols, catecholamines, and their quinone deriv-
tives and peptide adducts have significant biological

SCHEME 2. Diagnostic product ions for histid
ctivities and structural functions (31–36). Recent re- t
orts of the involvement of quinone methides in carci-
ogenesis (37–40) and their widespread relevance in
rganic and biological chemistry (34, 41) have spurred
urther development of techniques to characterize com-
ounds formed via these reactive intermediates. In
nsects, in addition to their role in cuticular sclerotiza-
ion (10–12), quinone-mediated polymerization of poly-
henols and related tanning reactions have been im-
licated in cuticular defense against microbial invasion
42, 43), and in determination of susceptibility to infec-

-(N-19)– and histidine-(N-39)–catechol adducts.
ion of mosquitoes and other insects by filarial worms,
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FIG. 4. ESMS–MS spectrum of 6-(N-19)-His–DOPET: [M 1 H]
(m/z 308) precursor.

FIG. 5. ESMS–MS spectrum of Manduca sexta cut

235MASS SPECTROMETRY OF CATECHOL ADDUCTS
lasmodia responsible for malaria, and other parasites
44, 45).

Solid-state 13C and 15N NMR have been used to char-
cterize aromatic cross-links as well as for composi-
ional analyses of insect and other invertebrate sclero-
ized structures (16, 32, 46–48). The noninvasive
ature of this technique provides information on un-
odified, intact cuticle but cannot provide detailed

tructural data and requires rather large amounts of
ample. Other approaches have used HPLC with either
lectrochemical or diode array detection in the UV
egion, in combination with NMR and mass spectrom-
try (primarily FAB), to characterize condensation
roducts of oxidized catechols and catecholamines with
ther phenolic compounds, amino acids, and peptides
13–18, 21, 22).

Classical chemical techniques used in earlier studies
ere summarized in a comprehensive review (49). Py-

olysis/gas chromatography/mass spectrometry also
as proven useful in analysis of invertebrate cuticle
50, 51). FAB MS has been used for structural analyses
f these compounds, but background signals from the
atrix into which samples must be incorporated limit

ensitivity, especially in the lower mass range. To pro-
ide unambiguous structural information, compounds
1

icle hydrolysate: [M 1 H]1 (m/z 307) precursor.
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236 KERWIN ET AL.
ust be relatively pure for FAB MS. MALDI–TOF MS
as less of a problem with matrix peaks, although the

ower mass range is again problematic. MALDI is gen-
rally more sensitive than FAB, with 10–1000 pM
oncentrations sufficient to generate useful spectra for
ost compounds; however, like FAB, the capability of
ALDI to generate useful structural information from
ulticomponent mixtures is limited.
Recently, MALDI–TOF MS (52) and ESMS–MS (53)

ave been used to characterize polyphenols, cat-
cholamines, and their oxidation products. ESMS also
as been used to profile protein and peptide adducts of
xidized phenols (54, 55). These initial efforts and this
eport have demonstrated the utility of ESMS(–MS)
nd ITMS(–MS) in studies on catechols and the prod-
cts resulting from the reactions of quinones and other
xidation products. Complex mixtures from hydroly-
ates of insect cuticle and other natural products can
e analyzed using these two MS techniques, with min-
mal preliminary chromatography, by exploiting the

S–MS capabilities of triple quadrupole electrospray
nstruments and MSn experiments using ion trap spec-
rometers.

Characterization of cross-linking between cuticular
atecholamines with peptides and proteins has been
he focus of much research using both hydrolysates of
nsect cuticle and in vitro incubation of model sub-
trates with cuticular enzymes (12, 13, 15, 16, 46,

FIG. 6. ITMS–MS spectrum of 2-(N-39)-N
6–58). Previously, we assumed that all adducts were
n the His-DA class, because the NMR methods utilized
ould not unequivocally differentiate between His-DA
nd His–DOPET structures. The His–DOPET type of
dducts characterized in this study is a new discovery.
ITMS and ESMS can be used to identify the site on

he imidazole ring to which catecholamines are at-
ached to the aromatic ring (20), providing a facile and
efinitive method for defining subtle structural fea-
ures of this class of compounds. These types of MS
nalyses will be extended next to study more complex
eptide–polyphenol polymers and catecholamine–am-
ne conjugates involving chitin and/or chitosan, as well
s to characterize the compositions of exoskeletons
rom a number of other insect species.
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